The objective of this study was to evaluate the effect of residual feed intake (RFI) on rumen function in finishing lambs. A total of 60 male Hu lambs (average initial BW = 25.2 ± 2.5kg) were used and were offered a pelleted high-concentrate diet, of which the forage to concentrate ratio was 25:75. Individual feed intake was recorded over a period of 42 d, then 10 lambs with the lowest RFI and the highest RFI were selected, respectively. The rumen fluid used for fermentation variables and relative abundance of bacteria measurement was obtained on d 10 and 20 after RFI measurement. At the end of this experiment, the selected lambs were slaughtered and rumen epithelium and liver tissues were collected for RNA extraction. Low-RFI lambs had lower (P < 0.01) DMI and greater (P < 0.05) G:F than the high-RFI ones, while the RFI groups did not differ in ADG and BW (P > 0.05). Additionally, RFI was positively (r = 0.57; P < 0.01) correlated with DMI and negatively (r = −0.53; P < 0.05) correlated with G:F. Total VFA and individual VFA decreased (P < 0.05) over time. The concentrations of total VFA, acetate, valerate, isobutyrate, isovalerate, and rumen pH (P > 0.05) were not affected by RFI classification. Nonetheless, low-RFI group lambs had a greater (P < 0.05) concentration of propionate, a lower (P < 0.05) concentration of butyrate, and a lower (P < 0.05) acetate to propionate ratio compared with the high-RFI group. There was a significant (P < 0.05) effect of RFI on the relative abundance of Butyrivibrio fibrisolvens and Escherichia coli. The relative abundance of Ruminococcus albus, Ruminococcus flavefaciens, and Prevotella bryantii decreased (P < 0.05) over time in high-RFI group. And the relative abundance of B. fibrisolvens in high-RFI group was greater (P < 0.05) than its low-RFI counterpart. Furthermore, RFI had no effect (P > 0.05) on gene expression associated with intracellular pH regulation (PAT1, AE2, DRA, NHE2, NHE3, MCT1, MCT4, and ATPase) in rumen epithelium and β-hydroxybutyrate metabolism (HMGCS2) in both rumen epithelium and liver tissues. In conclusion, even though low-RFI lambs had lower DMI, however, the number of B. fibrisolvens was lower. Additionally, there was no difference in gene expressions level associated with intracellular pH regulation in rumen epithelium between RFI groups.
ABSTRACT:
The objective of this study was to evaluate the effect of residual feed intake (RFI) on rumen function in finishing lambs. A total of 60 male Hu lambs (average initial BW = 25.2 ± 2.5kg) were used and were offered a pelleted high-concentrate diet, of which the forage to concentrate ratio was 25:75. Individual feed intake was recorded over a period of 42 d, then 10 lambs with the lowest RFI and the highest RFI were selected, respectively. The rumen fluid used for fermentation variables and relative abundance of bacteria measurement was obtained on d 10 and 20 after RFI measurement. At the end of this experiment, the selected lambs were slaughtered and rumen epithelium and liver tissues were collected for RNA extraction. Low-RFI lambs had lower (P < 0.01) DMI and greater (P < 0.05) G:F than the high-RFI ones, while the RFI groups did not differ in ADG and BW (P > 0.05). Additionally, RFI was positively (r = 0.57; P < 0.01) correlated with DMI and negatively (r = −0.53; P < 0.05) correlated with G:F. Total VFA and individual VFA decreased (P < 0.05) over time. The concentrations of total VFA, acetate, valerate, isobutyrate, isovalerate, and rumen pH (P > 0.05) were not affected by RFI classification. Nonetheless, low-RFI group lambs had a greater (P < 0.05) concentration of propionate, a lower (P < 0.05) concentration of butyrate, and a lower (P < 0.05) acetate to propionate ratio compared with the high-RFI group. There was a significant (P < 0.05) effect of RFI on the relative abundance of Butyrivibrio fibrisolvens and Escherichia coli. The relative abundance of Ruminococcus albus, Ruminococcus flavefaciens, and Prevotella bryantii decreased (P < 0.05) over time in high-RFI group. And the relative abundance of B. fibrisolvens in high-RFI group was greater (P < 0.05) than its low-RFI counterpart. Furthermore, RFI had no effect (P > 0.05) on gene expression associated with intracellular pH regulation (PAT1, AE2, DRA, NHE2, NHE3, MCT1, MCT4, and ATPase) in rumen epithelium and β-hydroxybutyrate metabolism (HMGCS2) in both rumen epithelium and liver tissues. In conclusion, even though low-RFI lambs had lower DMI, however, the number of B. fibrisolvens was lower. Additionally, there was no difference in gene expressions level associated with intracellular pH regulation in rumen epithelium between RFI groups.
INTRODUCTION
Residual feed intake (RFI) is a feed efficiency measurement, which is calculated as the difference between actual feed intake and predicted feed intake (Koch et al., 1963) . Low-RFI ruminant animals consume less feed and produce less methane (Basarab et al., 2013 ), which will not only contribute to reducing feed costs, but will also decrease greenhouse gas emissions. Nonetheless, before the low RFI can be implemented as a breeding goal, we should also take other factors into consideration, for instance, animal health and the quality of animal products. So far, experiments have been done to investigate the effects of RFI classification on meat quality and reproductive efficiency in beef cattle (Baker et al., 2006; Hebart et al., 2016) . It is well known that some metabolic and digestive disorders including subacute ruminal acidosis (SARA), liver abscess, and diarrhea can occur when the cattle are fed a high-concentrate diet (Plaizier et al., 2008; Calsamiglia et al., 2012) . The rumen plays an important role in feed digestion, VFA absorption, as well as physical and immune barriers (Brockman, 2005; Zebeli and Metzler-Zebeli, 2012) . Rumen health can be affected by animals' DMI, feed composition, and feeding behavior (Penner and Beauchemin, 2010) . It is assumed that RFI is associated with feed intake, digestion of feed, physical activity, and metabolism (Herd and Arthur, 2009 ). Hence, it is of interest to compare the rumen function between the high-and low-RFI animals when they are fed a high-concentrate diet. It was hypothesized that the rumen bacteria and the absorptive capacity of rumen wall might differ between low-and high-RFI lambs during the finishing period. The current study aimed to evaluate rumen fermentation, bacteria, and gene expression associated with intracellular pH regulation in the rumen epithelium to provide insight about the difference in rumen function between low-and high-RFI ruminant animals during the finishing period.
MATERIALS AND METHODS
This experiment was conducted according to the guidelines established by the Biological Studies Animal Care and Use Committee of Gansu Province, China (2005-12) .
Animals and Management
This study was conducted in Minqin, Gansu province, China. A total of 60 male Hu lambs (average initial BW = 25.2 ± 2.5kg) were used in this study. All lambs were treated for internal and external parasites at the beginning of the experiment and were individually penned to record individual feed intake. Lambs were offered a pelleted concentrate-based diet, of which the forage to concentrate ratio was 25:75. The lambs were fed in 2 similar portions at 0800 and 1400 h daily, with sufficient quantity to allow ad libitum intake, and had free access to water. The ingredients and nutritional composition of the diet are presented in Table 1 .
This experiment included a 14-d period to allow the Hu lambs to adapt to the diet. After the adaption period, individual feed intake was recorded for 42 d. During this period, 2 lambs were removed from the experiment due to illness. Two-day average initial and final BW were obtained, before morning feeding, to calculate ADG. Residual feed intake was calculated as the predicted feed intake subtracted from the actual feed intake (Cammack et al., 2005) . After RFI measurement period, 10 lowest RFI lambs and 10 highest RFI lambs were selected. The selected lambs were slaughtered by exsanguination on d 33 after finishing RFI measurement. Rumen tissue and liver tissue were sampled from the similar location for each individual. Whole ruminal tissue samples including the mucosal and submucosal layers were sampled from the dorsal sac. All the tissue samples were immediately stored in the liquid nitrogen after collection, and then kept at −80°C until further total RNA extraction.
Rumen Fluid Sampling and Analyses
Rumen fluid was obtained using a stomach tube (transesophageal sampler: Flora Rumen Scoop, Wuhan, China) between 2 and 4 h after morning feeding on d 10 and 20 after the RFI measurement period. The rumen fluid pH was measured immediately using a portable pH meter (PHB-4, Shanghai, China) after collection. Then the rumen fluid was divided into two 10-mL sterile tubes, one was preserved with 0.6 mL of 0.6 M hydrochloric acid and stored at −20°C for determination of VFA, and the other was stored at −80°C for microbial DNA extraction. Before rumen fluid VFA analysis, the rumen fluid was thawed at room temperature and then centrifuged at 2,500 × g at 4°C for 5 min to obtain the supernatant. Then 1 mL of 25% metaphosphoric acid was added to 5 mL of supernatant and the mixture was stored at 4°C for 3 h. The mixture was again centrifuged (15 min at 12,000 × g at 4°C), and 2 mL of the resulting supernatant were mixed with 200 μL crotonic acid (10 g/L) and then filtered through a 0.45-μm filter. Rumen fluid VFA concentrations were determined by gas chromatography using a flame ionization detector. The gas chromatograph (Thermo Scientific, TRACE 1300, Milan, Italy) was fitted with a 30 m × 0.25 mm × 0.25 μm FFAP fused silica capillary column (ATEO, Lanzhou, China), and crotonic acid was used as the internal standard. High-purity nitrogen gas was used as carrier gas (40.0 mL/min). For VFA analysis, 1 μL was injected using a split ratio of 20:1. The injector temperature was set at 200°C, and the initial column temperature was 45°C. Then the column temperature followed by a 20°C/min increase in temperature until reaching 150°C, which was held for 8 min followed by a 60°C/min increase in temperature until reaching 185°C, after which temperature was held for 1 min. The detector temperature was held at 200°C.
Microbial DNA Extraction and Relative Quantitative Real-Time PCR
The rumen fluid samples were thawed on ice, and about 300-μL sample was pipetted into a 2-mL centrifuge tube for each extraction. Genomic microbial DNA was extracted from rumen fluid samples (n = 20) by an E.Z.N.A. Stool DNA kit (Omega Bio-tek, Norcross, GA), according to the manufacturer's instruction. The method included a bead-beating step for the mechanical lysis of the microbial cells. The final elution volume was 80 μL, and genomic DNA concentration and purity were measured using an ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The primer sets to amplify were selected on the basis of the published literature. The primer sets are presented in Table 2 . Each 20 μL quantitative real-time PCR reaction contained 1 μL DNA, 10 μL SYBR Green (TransGen Biotech, Beijing, China), 0.2 μL of each primer, and 8.6 μL of ddH 2 O. The reaction was performed using the following program: 95°C for 3 min for initial denaturation, 40 cycles at 95°C for 10 s, followed by annealing/extension for 30 s at 60°C, and 72°C for 10 s and one cycle at 72°C for 5 min. After all PCR analyses, a melting curve analysis was performed. All investigated PCR products showed only single melting peaks. All Samples were assayed in triplicate. The amplification efficiencies of the all the primers used range from 87% to 98%. The primers of total bacteria served as internal reference because their abundance is much greater than specific microbes. 
RNA Extraction and Relative Quantitative Real-Time PCR
The total RNA of rumen epithelium and liver tissue was extracted by TRIzol (TransGen Biotech, Beijing, China) and reverse-transcribed into cDNA. The primer sets to amplify were selected from the published literature. The primer sets and its references are presented in Table 3 . These primers were checked by BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to verify primer specificity. Relative mRNA expression was determined using a quantitative real-time PCR detection system (Bio-Rad Laboratories Inc., Hercules, CA). Each 20 μL real-time PCR reaction contained 50 ng cDNA, 10 μL SYBR Green (TransGen Biotech, Beijing, China), 0.2 μL of each primer, and 8.6 μL of ddH 2 O. The reaction was performed using the following program: 95°C for 3 min for initial denaturation, 40 cycles at 95°C for 10 s, followed by annealing/extension for 30 s at 60°C, and 72°C for 10 s and 1 cycle at 72°C for 5 min. After all PCR analyses, a melting curve analysis was performed. All investigated PCR products showed only single melting peaks. All samples were assayed in triplicate. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which had been verified its validation in our lab was used as the internal control (Wang et al., 2016) . The amplification efficiencies of the target genes range from 91% to 107%. The 2 -∆∆CT method was used to analyze the data (Livak and Schmittgen, 2001 ).
Calculations and Statistical Analysis
Predicted feed intake for each lamb was determined by regressing ADG and metabolic midweight (Mid-BW 0.75 ) on DMI. Expected DMI was computed for each animal using a multiple regression model, regressing DMI on Mid-BW 0.75 and ADG included as a fixed effect. The model used was
where Y i is the average DMI of the ith animal, β 0 is the regression intercept, β 1 is the partial regression coefficient for Mid-BW 0.75 , β 2 is the partial regression coefficient for ADG, and e i is the random error associated with the ith animal. (Wang et al., 2016) R: GAAGAGTGAGTGTCGCTGTTG 1 PAT1 = putative anion transporter 1; DRA = downregulated in adenoma; AE2 = anion exchanger 2; NHE2 = Na + /H + exchanger 2; NHE3 = Na + /H + exchanger 3; MCT1 = monocarboxylic acid transporter 1; MCT4 = monocarboxylic acid transporter 4; Na + /K + ATPase = Na + /K + ATPase pump subunit α1; HMGCS2 = 3-hydroxy-3-methylglutaryl coenzyme a synthase isoform 2; GAPDH = glyceraldehyde 3 phosphate dehydrogenase.
2 F = forward; R = reverse.
The relative abundance of the microbial populations was expressed as a proportion of total rumen bacterial 16S rRNA according to the equation: relative quantification = 2 − (CTctarget − CTctotal bacteria) , where CT represents threshold cycle (Chen et al., 2008) . Before statistical analysis, the percentage of each microbe target was calculated as (2 -∆CT ) × 100. Subsequently, the data were log 10 -scale transformed before statistical analysis.
Data were subjected to analysis of variance (ANO-VA) using Base 19.0 software (SPSS, Chicago, IL). Differences were considered significant when P ≤ 0.05 and tendencies were considered when 0.05 < P < 0.10. Repeated measures was used for analysis of fermentation variables and bacteria proportion and independentsample t test was used for analysis of growth performance and gene expression. Pearson's correlation coefficient was used to determine the relationship between RFI and DMI, feed efficiency, and growth performance. The significance level was set as P ≤ 0.05 and tendencies were considered when 0.05 < P < 0.10.
RESULTS

Animal Performance and Feed Efficiency
The relationship of RFI with measures of feedlot lambs performance, DMI, and feed efficiency is presented in Table 4 . The DMI and RFI were lower (P < 0.01) in the low-RFI group compared with the high-RFI counterpart. The DMI of high-RFI lambs was 14.7% (1.72 kg/d vs. 1.50 kg/d; P < 0.01) greater than their low-RFI counterparts. The G:F of low-RFI group was greater (P < 0.05) than its high-RFI counterpart. The initial BW and the final BW were similar (P > 0.05) between the RFI groups. Lambs of high-and low-RFI did not differ (P > 0.05) in Mid-BW 0.75 and ADG. The results of correlation analysis are presented in Table 5 . There was a positive (r = 0.57; P < 0.01) correlation between RFI and DMI. Negative (r = −0.53; P < 0.05) correlation was found between RFI and G:F.
Rumen Fermentation Parameters
Effect of RFI classification on Hu lambs' fermentation variables is presented in Table 6 . No RFI by day interaction (P > 0.05) was observed for rumen fermentation variables. Day of sampling had a significant (P < 0.05) effect on rumen fermentation parameters except for acetate to propionate ratio (P = 0.926). From d 10 to d 20, the concentrations of total VFA and individual VFA decreased; the concentration of isobutyrate decreased markedly (P < 0.05) in both high-and low-RFI groups. However, the rumen pH and straight to branched-chain fatty acid ratio increased over time. There was a significant effect of RFI on the concentration of propionate (P = 0.037), butyrate (P = 0.043), and the acetate to propionate ratio (P = 0.032). The concentration of propionate in low-RFI group was greater (P < 0.05) than the high-RFI one. Nonetheless, the concentration of butyrate was lower (P < 0.05) in low-RFI group compared with the high-RFI group. In addition, the acetate to propionate ratio was greater (P < 0.05) in high-RFI group compared with low-RFI counterpart, which was only observed on d 10 after RFI measurement period. Residual feed intake had no significant (P = 0.101) effect on rumen pH. Furthermore, the concentrations of total VFA, acetate, isobutyrate, and valerate in high-RFI lambs were lower (P < 0.05) on d 20 than their concentrations on d 10. The concentration of isobutyrate was lower (P < 0.05) on d 20 than on d 10 in the low-RFI group.
Relative Abundance of Microorganisms in the Ruminal Fluid
Effect of RFI on the bacteria proportion on d 10 and 20 after RFI measurement period is presented in Table 7 . There was no significant (P > 0.05) RFI by day interaction for bacteria proportion. The relative abundance of most bacteria decreased (P < 0.05) over time, except for Butyrivibrio fibrisolvens. The number of Ruminococcus albus tended to be lower in low-RFI group than its counterpart (P = 0.098). There was a significant (P < 0.05) effect of RFI on the relative abundance of B. fibrisolvens and Escherichia coli. The relative abundance of R. albus, Ruminococcus flavefaciens, and Prevotella bryantii decreased (P < 0.05) over time in high-RFI group. And the relative abundance of B. fibrisolvens in high-RFI group was greater (P < 0.05) than its low-RFI counterpart. Further, the relative abundance of R. albus and R. flavefaciens was lower (P < 0.05) on d 20 in high-RFI group compared with their abundance on d 10. The relative abundance of E. coli was greater (P < 0.05) in high-RFI lambs on d 10 compared with its low-RFI contemporaries; however, no significant (P > 0.05) difference was detected in E. coli between high-and low-RFI groups on d 20.
Gene Expression Associated with Intracellular pH Regulation and Metabolism
Effect of RFI on gene expression is presented in Table 8 . There were no significant (P > 0.05) differences in gene expression of putative anion transporter 1 (PAT1), downregulated in adenoma (DRA), anion exchanger 2 (AE2), Na + /H + exchanger 2 (NHE2), Na + / H + exchanger 3 (NHE3), monocarboxylic acid transporter 1 (MCT1), monocarboxylic acid transporter 4 (MCT4), Na + /K + ATPase pump subunit α1 (ATPase), and 3-hydroxy-3-methylglutaryl-coenzyme a synthase isoform 2 (HMGCS2) associated with intracellular pH regulation and short-chain fatty acid (SCFA) metabolism in rumen epithelium between high-and low-RFI groups. In addition, no differences were observed in gene expression of glucose transporter 4 (GLUT4) in the rumen epithelium and gene expression of HMGCS2 in the liver. There was no effect of RFI phenotype on gene expression level of toll-like receptor 2 (TLR2) in both rumen epithelium and liver.
DISCUSSION
In the current study, low-RFI lambs had lower DMI, while they had similar BW and ADG compared with their high-RFI contemporaries, which indicates that RFI is independent of level of production and weight. This result coincides with the previous findings reported in feedlot beef cattle (Nkrumah et al.,2006; Fitzsimons et al.,2014c) and growing wethers (Meyer et al., 2015) . In this study, RFI was negatively correlated with G:F, which is line with the results of Kelly et al. (2010) and Cruz et al. (2010) , when the beef cattle were offered a high-concentrate diet. However, unlike previous result reported by Fitzsimons et al. (2013) when the beef heifers were fed grass silage, in which no correlation was found between RFI and G:F.
A number of studies showed that RFI phenotype had no effect on rumen pH or the concentration of total VFA, which is in agreement with our results (Lawrence et al., 2011; Fitzsimons et al., 2013; Lawrence et al., 2013; Fitzsimons et al., 2014c; McDonnell et al., 2016) . Whereas Guan et al. (2008) reported that there was a tendency (P = 0.059) for low-RFI steers to have a greater concentration of total VFA. Though low-RFI ruminant animals have lower DMI, they have similar or even greater concentration of total VFA compared with the high-RFI ones. It is reported by Channon et al. (2004) that low-RFI cattle had greater capacity for starch digestion, compared with their high-RFI counterparts, when they were fed a high-concentrate diet. Therefore, low-RFI animals have higher feed efficiency, which may be due to their higher utilization efficiency for non-structural carbohydrate. However, we should consider the results of rumen pH cautiously because none of these studies recorded the rumen pH continuously. Using the data obtained at a certain time point might not represent the ruminal dynamic pH profiles.
Effects of RFI classification on rumen fermentation characteristics have been shown to be inclusive. In the current study, low-RFI lambs had a greater concentration of propionate, which is consistent with the result of Cammack et al. (2014) when the sheep were fed a concentrate-based diet. The finding reported by Lawrence et al. (2011) is in agreement with our results, in which the pregnant beef heifers were offered grass silage. However, other studies showed that low-RFI cattle fed grass silage had a lower concentration of propionate (Krueger, 2009; McDonnell et al., 2016) . Interestingly, there was no effect of RFI classification on VFA composition in the experiments of Rius et al. (2012) and McDonnell et al. (2016) , when the dairy cows and beef cattle were fed perennial ryegrass and a high-concentrate diet, respectively. In the current study, the acetate to propionate ratio was lower in the low-RFI lambs, which was similar with the findings of Lawrence et al. (2013) and Fitzsimons et al. (2013) . Though in both of the studies cattle were offered grass silage, which is different from the diet in our study. However, Fitzsimons et al. (2014b) reported that there was no difference in acetate to propionate ratio between the low-and high-RFI pregnant beef cows when they were fed a grass silage diet. In addition, no difference was observed in acetate to propionate ratio when the beef bulls were offered a high-concentrate diet (Fitzsimons et al., 2014c ).
In the current study, the effect of sampling time on concentration of VFAs was found. A similar phenomenon was observed by Sun et al. (2010) when the goats were fed a high-concentrate diet. In the current study, decreased concentration of VFAs might be attributed to Sun et al. (2010) found that prolonged feeding of high-concentrate diet decreased the concentration of VFAs accompanied with lower feed intake. Moreover, when we collected the rumen tissue, we detected that the rumen epithelium had been damaged. Damaged rumen epithelium can increase its permeability which allows more VFAs to diffuse to the blood (Nagaraja and Titgemeyer, 2007; Khiaosaard and Zebeli, 2014) . Finally, feeding high-grain diets to cattle reduces the richness, evenness, and diversity of the microbiota in the foregut, then the function of the microbiota can be reduced (Khafipour et al., 2016) . All of these factors mentioned above may result in the decreased VFAs in the rumen over time. The effect of time on fermentation variables in high-RFI group is more obvious compared with its low-RFI counterpart, which indicates the rumen environment of low-RFI is more stable. A number of studies suggested that SARA challenge could decrease the acetate to propionate ratio (Khafipour et al., 2009a; Khafipour et al., 2009b; Li et al., 2012) . Some reports have shown that SARA tolerant cattle had greater acetate to propionate ratio, while susceptible steers had lower (P < 0.01) concentration of butyrate and greater (P = 0.01) concentration of propionate (Schlau et al., 2012; Gao and Oba, 2014 ). In the current study, low-RFI lambs have a similar fermentation pattern with the acidosis susceptible steers. Diet type may play a role in rumen fermentation pattern; however, other factors such as chemical composition of the diet, physiological condition, and genetic background of the experimental animals as well as the sampling method can also affect rumen fermentation. In the present study, we sampled the rumen fluid twice, which is much more representative than many other studies, in which it was only sampled once. To compare the rumen fermentation pattern more accurately between low-and high-RFI groups, rumen fluid should be collected at different days during the experimental period. Additionally, rumen fluid should be sampled at several time points within a sampling day. Ruminal VFA concentrations are the results of host microbial fermentation and rumen epithelial absorption (Brockman, 2005) . Guan et al. (2008) and Hernandez-Sanabria et al. (2010) using PCR-denaturing gradient gel electrophoresis showed that potential associations between the detectable rumen microbiota and the RFI phenotype in cattle. Fibrobacter succinogenes, R. flavefaciens, and R. albus are generally a,b Differences (P < 0.05) between high residual feed intake and low residual feed intake within time point.
A,B Differences (P < 0.05) between time points within high residual feed intake and low residual feed intake.
1 The day after the residual feed intake had been evaluated.
2 Pooled standard error of the mean is shown.
3 P-value for residual feed intake (RFI), day, and their interaction (RFI×Day).
4 Straight:branched ratio = straight chain fatty acids to branched-chain fatty acids ratio.
known as the predominant cellulolytic bacteria in the rumen (Weimer, 1996) . While cellulolytic bacteria are pH-sensitive, when the rumen pH is lower than 6.0, its growth will be inhibited (Shi and Weimer, 1992) . In contrast, lower pH facilitates the growth of amylolytic bacteria (Mackie and Gilchrist, 1979) . When the animals were in SARA status, the relative abundance of cellulolytic bacteria declined, which accompanies with the decrease of fiber digestibility and the acetate to propionate ratio (Li et al., 2014 ). In the current study, high-RFI lambs had a lower concentration of propionate and greater acetate to propionate ratio, which coincides with their greater abundance of B. fibrisolvens. Lower level of F. succinogenes in the high-RFI beef cattle was found when the cattle were offered high-concentrate diet (Carberry et al., 2012) . However, no difference was found in the relative abundance of F. succinogenes between low-and high-RFI groups in our study. In addition, the bacteria proportion changed more greatly in high-RFI group over time than its low-RFI counterpart, which indicates that the rumen environment is more stable in low-RFI group. In the current study, the results of cellulolytic bacteria composition are consistent with the results of fermentation variables. Previous studies proved that the abundance of Prevotella genus was greater in high-RFI cattle (Carberry et al., 2012; McCann et al., 2014) . Prevotella bryantii, P. albensis, and P. brevis can all utilize starch. However, no differences were found between low-and high-RFI groups in the relative abundance of these bacteria in the current study. Cultured species only accounted for a small part of the total Prevotella population. Cultivated Prevotella strains display highly varied genetic divergence (Ramšak et al., 2000) suggesting that uncultured Prevotella species also have diverse functions. Khafipour et al. (2009c) observed that Escherichia coli may be a contributory factor for SARA. In the present study, the relative abundance of E. coli was greater in the high-RFI group. The higher relative abundance of E. coli may due to the heavier fluctuation of the rumen environment in the high-RFI group. However, the result does not mean high-RFI lambs have higher risk of SARA, for commensal E. coli strains rarely cause disease except in immunocompromised hosts or where the normal gastrointestinal barriers are breached; only the most successful combinations of virulence factors have persisted to become specific pathotypes of E. coli that are capable of causing disease in healthy individuals (Kaper et al., 2004) .
When the dairy cows were fed a high-concentrate diet, the accumulation of VFA could cause rumen disorders such as SARA (Krause and Oetzel, 2006) . The ruminant animals have 3 ways to remove the acid including rumen epithelium absorption, saliva secretion, and flowing to the hindgut (Penner and Beauchemin, 2010) . The absorption capacity of the rumen epithelium plays a key role in acid removal, which removes approximately 53% of the acid (Allen, 1997) . In this study, RFI classification did not affect gene expression of VFA transporters in the rumen epithelium, which is in line with the transcriptome results of the rumen epithelium a,b Differences (P < 0.05) between high residual feed intake and low residual feed intake within time point.
1 The day after the residual feed intake (RFI) had been evaluated.
3 P-value for RFI, day, and their interaction (RFI×Day).
4 Bacteria were measured as a proportion of the total estimated rumen bacterial 16S rRNA gene. Significance values for transformed data were determined.
of beef cattle with different RFI reported Kong et al. (2016) . In the current study no differences were detected in gene expressions may attribute to similar VFA and rumen pH between the high-and low-RFI groups, for Yan et al. (2014) observed that rumen pH and SCFA concentration could affect gene expressions. Short-chain fatty acids can be absorbed by passive diffusion and facilitated transport, and the latter uptake mechanism is the primary pathway for SCFA transportation (Aschenbach et al., 2011) . Bilk et al. (2005) observed that AE2, DRA, and PAT1 were involved in HCO 3 − transport in ovine rumen epithelium. It is likely that DRA and PAT1 are located in the stratum granulosum, and play an important role in acid neutralization, which import dissociated short-chain fatty acid (SCFA − ) to the rumen epithelium and export HCO 3 − to the rumen lumen (Bilk et al., 2005) . Anion exchanger 2 may be expressed in the stratum basale and participate in bicarbonate secretion between the rumen epithelium and the blood (Connor et al., 2010) . Monocarboxylic acid transporter 1, which was found in the stratum basale of the rumen, is involved in basolateral ketone body, lactate, and possibly SFCA − export accompanied with either proton export or HCO 3 − import (Müller et al., 2002; Dengler et al., 2014) . Monocarboxylic acid transporter 4, which could play a role in apical proton import or HCO 3 − export linked to lactate and possibly SCFA − import (Kirat et al., 2007; Connor et al., 2010) . The NHE2 and NHE3, which are associated with intracellular pH homeostasis, were detected in ruminal epithelial cells (Graham et al., 2007) . Na + /H + exchanger 2 imports Na + to the cell but exports H + to the extracellular space. Na + /H + exchanger 3 is located on the apical side of the epithelial cell and imports Na + to the cell and exports H + to the rumen (Connor et al., 2010) . Though we assumed that there would be an effect of RFI classification on DRA, PAT1, AE2, MCT1, MCT4, NHE2, and NHE3 expression levels, no differences were found between RFI groups. The data of both bacteria and fermentation variables indicate that the rumen environment is more stable in low-RFI lambs. Nonetheless, the results of bacteria composition and rumen fermentation parameters between RFI groups also indicate that the rumen environment is more acidic in the low-RFI lambs, which may do harm to their rumen epithelium. The more acidic rumen environment in the low-RFI lambs may be caused by the difference in feeding behavior. Though we did not measure the animal behavior in the current study, findings had been reported that low-RFI beef cattle chewed less (Kelly et al., 2010; Fitzsimons et al., 2014b) , which means they are likely to produce less saliva to neutralize the acid in the rumen, which can result in the accumulation of acid in the rumen.
The HMGCS2, which is located in the mitochondria, is a rate-limiting enzyme in the process of ketogenesis (Lane et al., 2002) and can be expressed in both liver and rumen epithelium. However, most of the studies only investigated gene expression of HMGCS2 in rumen epithelium. In the current study, we measured the gene expression of HMGCS2 in both liver and rumen epithelium. Though the differences of HMGCS2 expression level in both liver and rumen epithelium were not significant between the low-and high-RFI groups, higher expression of HMGCS2 was found in low-RFI lambs. Additionally, the expression of HMGCS2 in the rumen epithelium was higher compared with liver, which indicates that rumen epithelium may have stronger ketogenesis capacity than liver for the ruminants. Netea et al. (2002) proposed that lipopolysaccharide (LPS) molecules with different shapes interacted with TLRs differently. The release of LPS may be due to the lysis of gram-negative bacteria (Plaizier et al., 2008) , while TLR2 distinguishes ligands from gram-positive bacteria (Takeuchi et al., 1999; Yoshimura et al., 1999) . Additionally, the expressions of hepatic TLR2 did not show significant difference between the high-concentrate and the low-concentrate groups (Dong et al., 2013) , which indicates the expressions of TLR2 may not be affected by high-concentrate diet. Kong et al. (2016) investigated the transcriptome profiling of the rumen epithelium of beef cattle differing in RFI and reported that RFI might be associated with tissue morphogenesis. Therefore, further studies associated with rumen morphology both in macro and micro should be done to clarify the rumen function difference between RFI phenotypes.
Conclusions
The results of the present study show that it is likely that the difference in rumen microorganisms can result in similar concentration of VFAs between the RFI groups, even though the DMI was significant lower for low-RFI lambs. The fluctuation of bacteria proportion and fermentation variables in high-RFI lambs was much heavier compared with their low-RFI counterparts, which indicates that the rumen environment of low-RFI lambs is more stable. However, the fermentation parameters and the relative abundance of cellulolytic bacteria indicate that the internal rumen environment is more acidic in low-RFI group as well. Future work should pay more attention to the rumen microbiota and rumen morphology when the lambs with high-and low-RFI are fed a high-concentrate diet.
LITERATURE CITED
